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Abstract
We worked on a new ”ultimate” patchy particle. Silica colloids are
coated with a lipid bilayer composed of a mixture of saturated
and unsaturated, charged and zwitterionic lipids. The lipids are
shown to be mobile on these colloids and phase separation is
induced using the right lipid mixture. DNA attached to
cholesterol partitioned to one of the phases is used as a linker,
creating specific interaction on patches. Giant unilamellar vesicles
are used as a model system to study phase separation in a lipid
bilayer and the partitioning of the DNA attached to cholesterol.
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Chapter1
Introduction
With the increasing technological advancements manipulating and con-
trolling complex nanoscale structures is becoming more important. Con-
structing complex structures can be done from the bottom-up by directed
self-assembly. This can be used to create novel devices and materials. Di-
rected self-assembly can be realized with so called patchy particles, parti-
cles with site-specific attractive patches. By controlling the size, shape and
number of these patches as well as the strength of the interactions, a very
tunable system can be made.
We aim at achieving such a tunable system by using a lipid bilayer to
coat silica colloids and use DNA attached to cholesterol to create a specific
interaction. Lipid bilayers have been studied intensively because of their
crucial role in all living systems. By changing the composition of the lipids
in the membrane the characteristics of the membrane are altered. Combin-
ing saturated and unsaturated lipids results in phase separation and the
formation of lipid rafts. DNA attached to cholesterol with a higher affinity
to one of the two phases completes the patchy particle.
The goal of this project is to create a new model system for controlled
self-assembly. First we study the phase separation of different lipid com-
positions in GUVs. Next we will use the acquired knowledge to coat silica
colloids of different sizes and shapes with a phase separating membrane.
A future step is adding complementary DNA and study the properties of
this self-assembling system.
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Chapter2
Theory
2.1 Phospholipids
Lipids are amphiphile molecules because of a hydrophilic head and a hy-
drophobic tail. Most phospholipids have two tails and one head group.
The tail is made up from a long chain of hydrogen and carbon atoms. Be-
cause these hydrocarbon chains do not interact with water these tails are
hydrophobic. The head group of most phospholipids consists of both a
negatively charged or anionic phosphate group and a positively charged
or cationic amine group. These so called zwitterionic lipids are polar and
thus hydrophilic. Negatively charged lipids lack the cationic amine group.
Lipids can be saturated (figure 2.1a) or unsaturated (figure 2.1 b). The
saturation depends on the number of double bonds in the tails. With no
double bonds the lipid is saturated. With one or more double bonds the
lipid is unsaturated. We will refer to lipids with two double bonds in each
tail as highly unsaturated.
Version of July 7, 2015– Created July 7, 2015 - 16:16
9
10 Theory
(a) Saturated lipid (b) Unsaturated lipid
Figure 2.1: Phospholipids with a hydrophilic head and hydrophibic tail.
2.2 Lipid bilayer
In a lipid bilayer the hydrophobic tails pack together and the hydrophilic
head groups point outwards into the watery solution. This way the lipids
form a stable double layer membrane.
2.3 Giant Unilamellar Vesicles
Giant unilamellar vesicles (GUVs) are lipid vesicles ranging from 1 µm to
100 µm in diameter. These vesicles consist of a single lipid bilayer (unil-
amellar). We use GUVs as a model system to learn about phase separation.
We use this system because it is easy to image and studied intensively.
2.4 Small Unilamellar Vesicles
Small unilamellar vesicles are lipid vesicles smaller than 100 nm. We typ-
ically use SUVs in the range of 20 nm to 30 nm. We cannot image this
vesicles with fluorescence microscopy so we have to coat particles of at
least 1 µm with these vesicles to clearly see the membrane.
10
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2.5 Phase separation: ordered and disordered phase
A lipid bilayer can exhibit different phases. In these experiments two
phases are of interest: the liquid ordered and liquid disordered phase. In
the liquid ordered phase (Lo) the lipids are packed tightly together in the
membrane. In the liquid disordered (Ld) phase the lipids are packed less
tightly together. When these two phases coexist in a membrane, phase
separation occurs. The lipids separate in a ordered and disordered do-
main. The state of the lipids depend on the temperature of the environ-
ment and the phase transition temperature. The phase transition temper-
ature is the temperature at which the lipids undergo a transition from the
Ld phase to the Lo phase. This temperature depends on multiple factors.
The saturation of the lipid has a strong effect on this temperature. A dou-
ble bond creates a kink in the tail. When packed together in a lipid layer
the kink in the tail of unsaturated lipids increases the area in which they
can move. This decreases the transition temperature of those lipids. One
extra double bond in each tail can decrease the transition temperature up
to 30 ◦C. Another factor is the charge of the head group. If the head group
is charged the lipids will repel each other and the transition temperature
will be lower. The transition temperature is also affected by the length of
the tails, the longer the tail the more Van der Waals interactions can oc-
cur and thus decreasing the mobility of the lipids. Other molecules in the
membrane, like cholesterol, can also have an effect on the transition tem-
perature by changing the packing of the lipids. The sharp phase transition
temperature of saturated and monounsaturated lipids is broadened by the
incorporation of cholesterol in the membrane [1].
A membrane composed of both saturated and unsaturated lipids or charged
and neutral lipids (or a combination of those) will have a temperature
range in which the two phases will coexist. In this system phase sepa-
ration can occur (figure 2.2). The Lo and Ld phase will separate into two
distinct domains (figure 2.3) with different viscosities and bending rigidi-
ties.
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Figure 2.2: Phase diagram of DOPC/palmitoyl SM/chol [2]. The ratio satu-
rated:unsaturated lipids is kept at 1:1. By adjusting the % of cholesterol in the
lipid mixture the transition temperature is shifted. There are three phase states
observed. In the liquid phase (L) the lipids are mixed. In the solid-liquid phase
(S-L) the lipids are demixed in a solid phase and liquid phase. In the liquid-liquid
phase (L-L) the lipids are demixed in two liquid domains.
Figure 2.3: The ordered and disordered domain in a lipid bilayer [3].
2.6 DNA
Deoxyribonucleic acid (DNA) is used to create a specific interaction among
self-assembling colloids. DNA consists of four different nucleobases ar-
ranged in two complementary strands. Each nucleotide has a specific nu-
cleotide it binds to forming two base pairs, AT and CG (figure 2.4). For
colloids this interaction is achieved by using ”sticky ends”. Sticky ends
are short sequences of single stranded DNA at the end of double stranded
DNA. Attached to a colloid the complementary sticky ends on two colloids
12
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hybridize to form a bond. This bond can be broken again by increasing the
temperature above the melting point of the DNA strand.
Figure 2.4: Combining sticky ends of two complementary DNA [4].
DNA attached to cholesterol as a linker has been used by Van der
Meulen et al. [5] to make a self-assembly system. In this system the DNA-
linkers are mobile over the entire surface of the silica colloid.
Figure 2.5: Colloids coated with a membrane and DNA attached to cholesterol as
a mobile linker. Specific binding is achieved by the hybridizing of sticky ends of
two complementary DNA strands [5].
2.7 Cholesterol
Cholesterol is an amphiphilic molecule. The hydroxyl group forms hy-
drogen bonds with the polar head groups of the phospholipids and the
nonpolar hydrocarbon tail is embedded in the tails of the lipids. Because
of the rigid structure of cholesterol, it decreases the lateral mobility of the
lipids, increasing the transition temperature. Because cholesterol also in-
terferes with the close packing of the lipid tails, it causes the membrane to
exhibit a wider phase transition temperature.
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Figure 2.6: Structural formula cholesterol.
2.8 Confocal laser scanning microscopy
A confocal laser scanning microscope uses lasers to excite fluorescent dye
molecules. These molecules emit photons with less energy. A beam split-
ter is used to split these different wavelengths and the fluorescence in-
tensity in each channel is recorded. A pinhole blocks the light out of fo-
cus, this way only light in the focus plane is imaged. This reduces the
background haze but also decreases the intensity of the image in the fo-
cus plane so the fluorescence has to be strong to be imaged properly. The
image is obtained by scanning the laser across the sample surface. Using
a piezo-stage we can also take slices of the image in the z-direction and
construct a 3D image (z-stack).
14
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Figure 2.7: Principle of confocal microscopy [6].
2.9 FRAP
Fluorescence recovery after photobleaching or FRAP is a method used to
measure the lateral mobility of fluorescent molecules [7]. The fluorescent
molecules in a membrane can be bleached using high laser power. This
bleaching will create a dark spot which will recover over time if the mem-
brane is fluid since the bleached and non-bleached molecules will mix due
to diffusion. In these experiments we were not interested in quantitative
measurement of the lipid mobility. We only used FRAP to check whether
the lipids were mobile or not. Recovery of lipids in a bilayer typically
takes a few seconds. If we didn’t see any recovery within a minute we
concluded that our lipids were not mobile.
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Figure 2.8: FRAP [8]. The bleached area will show recovery if the fluorescent dye
can diffuse freely.
16
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Chapter3
Materials and Methods
In the section ’Materials’ an overview is given of the used materials such as
chemicals, chemical solutions, lipids and lasers. In the section ’Methods’
the methods are described we used during these experiments.
3.1 Materials
3.1.1 Chemicals and Chemical Solution and Buffer
Name Chemical formula Supplier
Chloroform CHCl3 Sigma-Aldrich
Calcium chloride CaCl2 Sigma-Aldrich
Hellmanex - Hellma Analytics
Ethanol C2H6O Sigma-Aldrich
Methanol CH3OH Sigma-Aldrich
Pluronic F127 - Sigma-Aldrich
HEPES C8H18N2O4S Sigma-Aldrich
Sodium chloride NaCl Fisher Chemical
Sodium azide NaN3 Fisher Chemical
Surfacil - Thermo Scientific
Xylene C6H4(CH3)2 Sigma-Aldrich
Glucose C6H12O6 Fluke - Analytics Shop
Table 3.1: Chemicals
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Name polymer Shortname Chemical formula Supplier
Polyethylenimine PEI (C2H5N)n Sigma-Aldrich
Polystyrene sulfonate PSS (C8H8SO3)n Sigma-Aldrich
Poly(allylamine hydrochloride) PAH (C3H7N·ClH)n Sigma-Aldrich
Table 3.2: Polymers
Name solution/buffer Compounds pH
Glucose solution 100 mM glucose, 0,31 mM NaN3 7.0
HEPES buffer 10 mM HEPES, 47 mM NaCL, 3 mM NaN3 7.6
Table 3.3: Chemical solution and buffer
3.1.2 Silica Colloids
The silicon dioxide, or silica, spherical colloids used are made by two dif-
ferent methods. We purchased 2 µm and 7 µm colloids from Microparti-
cles GmbH made by the sol-gel process [9]. We also used homemade 2 µm
colloids which are made by the Sto¨ber process [10]. We will refer to these
homemade colloids as 2 µm HM silica colloids. The colloids obtained with
the Sto¨ber process are thought to be more mesoporous. Silica colloids are
negatively charged in a aqueous solution and their surface is hydrophilic.
The silica cubes are made by Daniela Kraft and Vera Meester using the
method described by Rossi et al. [11]. The cubes are 2 µm and meso-
porous, which means they contain pores with a diameter between 2 and
50 nm.
3.1.3 Lipids
We used five phospholipids and one sphingolipid in the experiments. Sph-
ingomyelin is the only saturated lipid and all lipids are either negatively
charged or zwitterionic. In table 3.4 an overview is given of the used lipids
with their abbreviation.
18
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Name Abbreviation Supplier
1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (sodium salt)
DOPG Sigma-Aldrich
1,2-dioleoyl-sn-glycero-3-phosphocholine DOPC Avanti Polar Lipids
Brain Sphingomyelin SM Avanti Polar Lipids
Cardiolipin CL Avanti Polar Lipids
1,2-dilinoleoyl-sn-glycero-3-
phosphocholine
DLPC Avanti Polar Lipids
1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine
DOPE Avanti Polar Lipids
Table 3.4: Abbreviations of the used lipids.
The structural formulas of all lipids are shown below in figure 3.1a-f.
In table 3.5 the most important properties of these lipids are summarized.
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(a) DOPG
(b) DOPC
(c) SM
(d) CL
(e) DLPC
(f) DOPE
Figure 3.1: Structural formulas of all lipids used.
20
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Lipid Number of tails Double bonds per tail Charge head group
DOPG 2 1 Negative
DOPC 2 1 Polar
SM 2 0 Polar
CL 4 2 Negative
DLPC 2 2 Polar
DOPE 2 1 Polar
Table 3.5: Summary of the most important properties of the used lipids.
3.1.4 Fluorescent Dyes
To image the GUVs and SUVs we used three fluorescent dyes with dif-
ferent excitation and emission wavelengths. We used Sulforhodamine B
attached to the head of the unsaturated lipid DOPE (Rho-DOPE). FAM-6
is attached to the end of the DNA strand which is attached to cholesterol
(DNA-chol). The third dye used is perylene.
To image the polymer layer we used FITC attached to the polymer PAH.
Name Excitation Emission
Perylene 437 nm 447 nm
FAM-6 495 nm 520 nm
Rho-DOPE 560 nm 583 nm
FITC 495 nm 525 nm
Table 3.6: Excitation and emission wavelengths.
3.2 Methods
In this section the methods for the preparation of GUVs and SUVs, coating
silica particles and the use of the microscope are described.
3.2.1 Preparation of GUVs
To study phase separation on colloids, we will first study phase separa-
tion in general and therefore we use GUVs. These GUVs are made by
electroswelling described below.
Version of July 7, 2015– Created July 7, 2015 - 16:16
21
22 Materials and Methods
To make GUVs we used the electroswelling technique [12]. The first use
of this technique is described by Manneville and co-workers [13].
The desired lipid composition is achieved by adding the lipids, dissolved
in chloroform, together. To image the sample we add 1/250 mass of DOPC
of Rho-DOPE to the mixture . The end concentration is diluted to 2 g/L
with chloroform. ITO-coated glasses (electrodes) are rinsed with ethanol
and water and dried. Next 10 µL of the lipid solution is put on each elec-
trode on the conducting side in a snake-like pattern. The electrodes are
dried in the vacuum exsiccator. After 2 hours drying the electrodes are
put in a cell. 3 mL glucose solution (100 mOsmol) is added. The cell is
put on a warming pad and warmed up to 50 ◦C. Once it is at the right
temperature the function generator is attached to the electrodes in the cell.
The settings are: 10 Hz, 600 ohm, SYM 50%, and the voltage is ramped up
from 100 mVpp to 4 Vpp in 2 minutes. After two hours electroswelling the
cell is cooled down to room temperature in 30 minutes. The glucose con-
taining the GUVs is taken out with a pipette with cutoff pipette point so
the giant vesicles are not destroyed. The GUVs are stored in the refriger-
ator at 4 ◦C. The electrodes are cleaned by ultrasonication for 15 minutes
with Hellmanex (2 wt%) and rinsed with water. Next the electrodes are
ultrasonicated for 15 minutes with ethanol. They are stored in water.
(a) Dried lipids on
electrodes.
(b) Electroswelling
cell at 60 ◦C.
(c) Settings of the function gen-
erator.
Figure 3.2: Preparation of GUVs.
3.2.2 Preparation of SUVs
The SUVs, used to coat the silica colloids with a lipid bilayer, are obtained
through extrusion. The precise method is described below.
22
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The desired lipid composition is again achieved by adding the lipids, dis-
solved in chloroform, together. The lipids are dried in the vacuum exsic-
cator for 2 hours. 300 µL HEPES solution (100 mOsmol) is added to the
dried lipids and the sample is vortexed for 10 minutes. To make SUVs,
we use the extrusion unit from Avanti Polar Lipids [14]. Inside the ex-
truder we put two polycarbonate filters with 30 nm pores supported by
filter-supports on both sides. The syringe is flushed with HEPES 3 times,
before the lipids dissolved in HEPES are put in the syringe. The heat-
ing block is warmed up to 60 ◦C. Once the heating block is on the right
temperature, the assembled extruder is put on the heating block. After 15
minutes warming up the setup the extrusion is started. The plunger of the
filled syringe is pushed slowly to transfer the lipids through the double
filter membrane, to the other syringe and then this movement is reversed.
This is done 20 times. After the extrusion the SUVs are cooled down in 15
minutes to room temperature. The SUVs are stored in the refrigerator at
4 ◦C.
Figure 3.3: Extruder from Avanti Polar Lipids [14] to make SUVs.
3.2.3 Coating particles with a lipid bilayer
Different methods have been used to coat colloids with a membrane. The
SUVs were added to the colloids, directly after the extrusion at 60 ◦C, or at
room temperature. Coating the silica particles with a membrane was done
by vortexing for different periods. After vortexing the excess SUVs were
removed by centrifuging. The vortex and centrifuge details differ for most
experiments.
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3.2.4 Coating particles with polymers
The particles are coated with the following polymers (in the given order):
PEI - (PSS - PAH)2. The particles diluted in water or HEPES are first soni-
cated for 25 minutes and then centrifuged at 3000 rpm for 5 minutes. The
supernatant is removed and 100 µL of 25 g/L of the polymer is added.
This is vortexed for 30 minutes. Next the colloids are washed three times
by centrifuging for 5 minutes at 3000 rpm, removing the supernatant and
adding 100 µL HEPES. After adding the last polymer layer and washing
the colloids, they are stored in HEPES. To image the polymer layer on the
colloids we used PAH with a dye attached to it as the last layer.
3.2.5 Hydrophobizing glasses for microscopy
Round cover glasses are cleaned with Hellmanex (2 wt%) for 20 minutes
while stirred, two times rinsed with water and 20 minutes immersed in
ethanol. The glasses are dried in the oven for 1 hour at 100 ◦C. Next they
are immersed in 50 mL xylene + 2.9 mL surfasil for 20 seconds, in xylene
for another 20 seconds for rinsing and in methanol for 60 seconds. The
glasses are dried again in the over at 100 ◦C for 1 hour.
For microscopy a cover glass is first put in the microscope sample holder.
Next F127 is added to polymerize the surface which hydrophobizes the
glass. After 30 minutes the F127 is removed and the glass is rinsed with a
HEPES solution two times. Now the sample can be put on the glass and
can be imaged.
3.2.6 Sample preparation
All samples for the confocal microscope are put on hydrophobized glass.
A teflon ring is used to decrease the needed sample size and to mark the
edge of the sample to protect the lenses of the microscope. GUVs are im-
aged using the 60x water immersion lens and the colloids are imaged us-
ing the 100x oil immersion lens. 50 µm of the sample is added to 50 µm
HEPES solution. The osmolarities of the sample and the HEPES solution
are matched to reduce budding and deformation of vesicles.
3.2.7 Confocal microscopy
The confocal microscope used is NIKON ecplipse Ti. See table 3.7 for the
used lasers and detectors.
24
Version of July 7, 2015– Created July 7, 2015 - 16:16
3.2 Methods 25
Color Laser Detector
Blue/purple 405 nm 425-475 nm
Green 488 nm 500-550 nm
Red 561 nm 570-738 nm
Table 3.7: Laser wavelengths and detector range.
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Results and Discussion
4.1 GUVs
Here an overview is given on the important results found with the GUVs.
As said before we used GUVs as a model system to learn about phase
separation because this system is easy to image and has been studied in-
tensively by other research groups.
Phase separation is studied in a mixture of saturated and unsaturated
lipids. Our aim is to have a preferential distribution of the DNA-chol into
the ordered phase.
4.1.1 SM, DOPC and chol
For our first study we used SM (saturated), DOPC (unsaturated) and choles-
terol. We examined different molar ratios saturated:unsaturated lipids (ta-
ble 4.1).
DOPC : SM
2 : 1
1 : 1
1 : 2
1 : 6
Table 4.1: Molar ratios DOPC:SM studied.
We found GUVs of different shapes and stabilities at different molar
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ratios. The most stable GUVs were found at a molar ratio of 1:1 satu-
rated:unsaturated lipids. In all systems we studied with DOPC, SM, and
cholesterol we found phase separation. An example of phase separation is
given in figure 4.1.
Figure 4.1: Z-stack of a GUV with phase separation. Disordered phase marked
with a red dye. Since there is no dye in the ordered domains they appear as holes
in the image. The GUV is composed of DLPC/DOPG/SM/chol = 32.5/5/37.5/25
% µmol.
After achieving phase separation we added the DNA-chol. Unfortu-
nately this complex didn’t show a preference for either of the two phases
(figure 4.2b). This indicates that the partitioning of the DNA-chol is not af-
fected by the separation of saturated and monounsaturated lipid domains.
28
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(a) Phase separation in a GUV.
Unsaturated phase visualized
with red dye.
(b) DNA-chol found in both
the saturated and unsaturated
phase.
Figure 4.2: GUVs with molar ratio DOPC/SM/chol = 35/35/30 % µmol.
4.1.2 SM, DOPC, CL and chol
In the following experiments we use a 1:1 ratio saturated:unsaturated lipids
because the phase separation is very distinct and the GUVs are stable over
a few days. Since the DNA-chol shows no preference in a system with
only DOPC, SM and chol we introduced a new lipid.
The presence of a highly unsaturated lipid in the lipid bilayer causes the
partitioning of cholesterol into the ordered phase [15]. We introduced
cardiolipin, a highly unsaturated lipid with a negatively charged head
group, to induce partitioning. As shown in Figure 4.3, at a concentration
of DOPC/SM/CL/chol = 27.5/37.5/10/25 % µmol we achieved success-
ful partitioning of the DNA-chol into the ordered phase.
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(a) Both dyes excited. (b) Unsaturated phase. (c) Saturated phase.
Figure 4.3: GUVs with molar ratio DOPC/SM/CL/chol = 27.5/37.5/10/25 %
µmol. Clear separation of Rho-DOPE to the disordered domain and FAM-6 to the
ordered domain.
4.1.3 SM, DLPC, and chol
To be able to understand how CL achieves separation of the DNA-chol,
we will replace it by two lipids that mimic either of its two special char-
acteristics: a) highly unsaturated tails b) negatively charged head group.
First we look at the effect of the degree of saturation on the partitioning of
the DNA-chol and secondly at the influence of a charged head group.
In the first system DOPC is exchanged with the more unsaturated DLPC.
These vesicles show very distinct phase separation and large differences
in curvature between the ordered and disordered phase. The distribution
of DNA-chol is barely affected by this lipid compared to CL. We do see a
small difference in intensity of the green dye between the two phases. In
the disordered phase the fluorescence is a bit lower (figure 4.4). The high
amounts of highly unsaturated lipids leads to a less stable system. The
GUVs split into two distinct vesicles, one made of saturated lipids and the
other of unsaturated lipids.
30
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(a) Both dyes excited (b) Unsaturated phase (c) Saturated phase
Figure 4.4: GUVs with molar ratio DLPC/SM/chol = 37.5/37.5/25 % µmol.
Slight preference of the DNA-chol for the ordered domain.
4.1.4 SM, DOPG and chol
Secondly we replace the DOPC with DOPG. DOPG is a monounsaturated
lipid with a negatively charged head group. To make GUVs with a high
amount of charged lipids we changed the voltage of the function genera-
tor from 4 to 1 V.
This lipid mixture doesn’t show phase separation (figure 4.5). It is likely
that negatively charged head groups repel each other so strongly that the
lipids do not demix even though the sample is below the transition tem-
perature of SM.
Figure 4.5: GUV with molar ratio DOPG/SM/chol = 37.5/37.5/25 % µmol. No
demixing into distinct domains because of the high amounts of charged lipids in
the lipid bilayer.
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4.1.5 SM, DOPC, DOPG and chol
Finally we replace only a fraction of the DOPC with DOPG to test the
phase separation at intermediate charge densities. This time we did see
phase separation though it seems the lipids are still not completely demixed
(figure 4.6). The DNA-chol seems to have a stronger preference for the sat-
urated phase (figure 4.7c).
Figure 4.6: GUV with molar ratio DOPC/DOPG/SM/chol =
27.5/10/37.5/37.5/25 % µmol. Red dye still observed over the entire sur-
face though with preference for a specific domain. This indicates that the lipids
are still not completely demixed.
(a) Both dyes excited (b) Unsaturated phase (c) Saturated phase
Figure 4.7: GUVs with molar ratio DOPC/DOPG/SM/chol =
27.5/10/37.5/37.5/25 % µmol. Slight preference of the DNA-chol for the
ordered domain.
32
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4.1.6 SM, DLPC, DOPG and chol
Now we have studied both the effect of highly unsaturated and negatively
charged lipids separately, we want to combine these results to mimic the
traits of cardiolipin. Therefore we made a mixture of the lipids discussed
above. The GUVs made of DOPG, DLPC, SM show distinct phase separa-
tion and also partitioning of the DNA-chol into the saturated phase. The
GUVs are unstable and disintegrated into smaller vesicles after storing at
4 ◦C for 3 days. We found GUVs composed of only SM and lots of smaller
vesicles composed of only unsaturated lipids after that time like we did
with the DLPC/SM/chol mixture.
We did succeed in making a system inducing the partitioning of the DNA-
chol into the ordered phase without using CL (figure 4.8). The system is
unstable on longer time scales (days) and phase separation seems to in-
duce vesicle separation at the contact line resulting in GUVs consisting
only of either saturated or unsaturated lipids. Also the amount of highly
unsaturated lipids is still fixed if the ratios saturated:unsaturated are kept
at 1:1.
(a) Unsaturated phase. (b) Saturated phase. (c) Both dyes excited.
Figure 4.8: GUVs with molar ratio DLPC/DOPG/SM/chol = 32.5/5/37.5/25 %
µmol. Clear separation of Rho-DOPE to the disordered domain and FAM-6 to the
ordered domain.
4.1.7 SM, DOPC, DLPC, DOPG and chol
Since we wanted to be able to fine tune this new system we need to be
able to adjust the ratio of highly unsaturated and monounsaturated lipids.
Replacing DLPC with DOPG would lead to a higher charge density in the
membrane, and suppress phase separation (see 4.1.4). We therefore test
whether replacing the diunsaturated DLPC with the monounsaturated
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DOPC can provide independently tunable lipid charge and saturation.
At a composition DOPC/DLPC/DOPG/SM/chol = 12.5/20/5/37.5/25 %
µmol we find a less homogeneous yield of GUVs. The separation into dis-
tinct domains is disturbed by the formation of internal tube-like vesicles
as can be seen in figure 4.9.
Figure 4.9: Z-stack of GUVs with molar ratio DOPC/DLPC/DOPG/SM/chol =
12.5/20/5/37.5/25 % µmol. The GUVs show a lot of artifacts such as tube-like
vesicle formation on the inside.
The DNA-chol shows a stronger preference for the ordered phase (fig-
ure 4.10). We also found that this preference decreases over time. After
one day we found the DNA-chol in both domains with the same fluo-
rescent intensity (figure 4.11). The combination of four different lipids is
prone to variations in formation. The low amounts of all lipids are highly
affected by small variations. This is probably why we see the artifacts in
the GUVs (figure 4.9).
(a) Unsaturated phase. (b) Saturated phase.
Figure 4.10: GUVs with molar ratio DOPC/DLPC/DOPG/SM/chol =
12.5/20/5/37.5/25 % µmol. A preference is observed of the DNA-chol for the
oredered phase.
34
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(a) Unsaturated phase. (b) Saturated phase. (c) Both dyes excited.
Figure 4.11: GUVs with molar ratio DOPC/DLPC/DOPG/SM/chol =
12.5/20/5/37.5/25 % µmol. These GUVs are stored at 4 ◦C for 1 day. The pref-
erence of the DNA-chol for the oredered phase is almost gone indicating that it
reduces over time.
4.2 SUVs
We will now apply the knowledge acquired on GUVs to SUVs and coat
silica colloids with a lipid bilayer. The results vary greatly between com-
parable samples and even within one sample. It seems the lipid bilayer
on a silica surface is affected strongly by local variation. These variations
can occur in the lipid composition, temperature, salt concentration, sur-
face roughness and inhomogeneous coating also the SUVs formed by ex-
trusion might not be completely homogeneous. Some of these variations
are discussed below. Although the results vary greatly, we can still draw
some conclusions from these, sometimes confusing, results.
4.2.1 Phase separation and mobility on colloids
We first want to observe phase separation in the lipid bilayer and mobil-
ity of the lipids on the silica surface. The mobility of the lipids on the
silica surface is crucial for a proper phase demixing on the colloids. We
started with the simplest system we studied previously: DOPC/SM/chol
= 37.5/37.5/25 % µmol. We did succeed in coating silica colloids with a
lipid bilayer. We observed dark spots we link to phase separation (figure
4.12) and in some samples we were able to show that the lipids are mobile
using FRAP (figure 4.13).
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Figure 4.12: Phase separation on 7 µm silica colloids. SUVs with molar ratio
DOPC/SM/chol = 37.5/37.5/25 % µmol. Sample was centrifuged for 4 min. at
3000 rpm 3 times and vortexed for 1 min. The disordered phase is marked with
the a red fluorescent dye.
(a) Before (b) Directly after (c) 15 seconds after
Figure 4.13: FRAP experiment on 2 µm silica colloids covered with a membrane.
Images are shown before bleaching (a), directly after bleaching (b) and 15 seconds
after bleaching (c). The lipids are exchanged between adjacent colloids which in-
dicates that the lipids are highly mobile. SUVs with molar ratio DOPC/SM/chol
= 37.5/37.5/25 % µmol.
36
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4.2.2 Partitioning of the DNA-chol on colloids
To achieve the partitioning of the DNA-chol to the ordered phase we will
add cardiolipin to our lipid mixture like we did with the GUVs. The car-
diolipin reduces the mobility of the unsaturated lipids drastically. With
10% and 5% µmol CL the lipids show no recovery in FRAP experiments
which is discussed later. However with 1% µmol CL we do see mobility
(figure4.14) and phase separation (figure 4.15). After adding DNA most of
the previously dark patches are covered with the green fluorescence DNA-
chol. The partitioning worked on the colloids, but only with the 7 µm silica
colloids and there are still some dark spots on these colloids which are not
covered with a fluorescent dye.
(a) Before (b) Directly after (c) 10 seconds after
Figure 4.14: FRAP experiment on 7 µm silica colloids covered with a membrane.
Images are shown before bleaching (a), directly after bleaching (b) and 10 seconds
after bleaching (c). Lipid composition is DOPC/CL/SM/chol = 36.5/1/37.5/25
% µmol. The lipids are mobile since we observe fluorescence recovery after photo
bleaching.
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(a) Both fluorescent dyes excited. Clear patches
of green fluorescence on the colloids.
(b) Phase separation on the colloids.
(c) Green patches on the silica colloids that do
not overlap with the disordered phase.
Figure 4.15: Z-stack image of 7 µm silica colloids covered with a membrane com-
posed of DOPC/CL/SM/chol = 36.5/1/37.5/25 % µmol. Phase separation is
observed as well as partitioning of the DNA-chol. There are still some dark spots
not covered with a fluorescent dye.
38
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4.2.3 Problems in phase demixing on coated silica colloids
We distinguish three problems with the phase separation on coated sil-
ica colloids. The main problem is the absence of mobility in the lipid bi-
layer. The three possible reasons for this reduced or absent mobility are
discussed below in the following order:
- Charge
- Rough surface
- Inhomogeneous coating
Charge
The negatively charged head group of CL on the negatively charged silica
surface might reduce the mobility of the lipid bilayer. We found no mo-
bility with more then 5% µmol of these lipids in the mixture (figure 4.16).
Because of the reduced mobility of the lipids with higher CL concentra-
tions we suspect the charge of those lipids might be the problem.
(a) Before (b) Directly after (c) 20 seconds after
Figure 4.16: FRAP experiment on 7 µm silica colloids covered with a membrane.
Images are shown before bleaching (a), directly after bleaching (b) and 20 seconds
after bleaching (c). Lipid composition is DOPC/CL/SM/chol 27.5/10/37.5/25 %
µmol. The lipids are not mobile since we see no recovery after photo bleaching.
We added CaCl2 to the sample with molar ratio DOPC/CL/SM/chol
= 27.5/10/37.5/25 % µmol. We saw recovery in FRAP experiments (figure
4.17). Unfortunatly we cannot use this CaCl2 with the DNA-chol because
the divalent ion Ca2+ also reacts with the DNA forming all kinds of com-
plex structures (figure 4.18).
Version of July 7, 2015– Created July 7, 2015 - 16:16
39
40 Results and Discussion
(a) Before (b) Directly after (c) 10 seconds after
Figure 4.17: FRAP experiment on 7 µm silica colloids covered with a membrane.
Images are shown before bleaching (a), directly after bleaching (b) and 10 seconds
after bleaching (c). Lipid composition is DOPC/CL/SM/chol = 36.5/1/37.5/25
% µmol. The lipids are mobile after adding CaCl2 since we see recovery after
photo bleaching.
Figure 4.18: DNA-chol in 3mmol CaCl2 in a HEPES solution. The Ca2+ ions
causes the DNA-chol to form vesicle-like structures.
Rough surface
Another explanation of the loss of mobility might be a rough surface of the
silica colloids. We used the SEM to zoom in on the surface of the colloids
40
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(figure 4.19). No irregularities were found smaller than 3 nm. We cannot
conclude that the surface has no irregularities smaller than 3 nm which
could still have an effect on the membrane.
(a) 80.000x magnified (b) 300.000x magnified (c) 600.000x magnified
Figure 4.19: SEM images of 2 µm HM silica colloids. No irregularities are ob-
served.
Inhomogeneous coating
The colloids that showed phase separation only did this after centrifug-
ing, in which excess SUVs are removed, and vortexing. The dark spots,
not covered with the green or red dye, might not be covered with a mem-
brane at all and this might also explain the problems with the mobility
of the lipids. When there are some ”membrane islands” on the colloids,
the lipids cannot diffuse freely between those islands and no recovery
will take place after bleaching. Due to the varying results we started to
question this method and its effects. It looks like vortexing after centrifu-
gation removes parts of the membrane from the colloids. We used pery-
lene, the dye which goes to both the saturated and unsaturated phase, and
observed dark spots overlapping with the dark spots in the red dye (fig-
ure 4.20). This indicates that the apparent phase separation seen in figure
4.20a, but also in figure 4.12, might be just due to ripping off a part of the
membrane.
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(a) Partly fluorescent colloid in-
dicates phase separation.
(b) Fluorescence of perylene not
homogeneously distributed.
Figure 4.20: Ripped off membrane after removing excess SUVs and vortexing.
The fluorescence of the disordered phase and the perylene overlap which indi-
cates that the colloid is not completely covered with a membrane. The vortexing
seems to rip off parts of the membrane. 7 µm silica colloids (partly) covered with
a membrane composed of DOPC/SM/chol = 37.5/37.5/25 % µmol.
4.2.4 Silica Cubes
We used silica cubes to study phase separation on non-spherical shaped
colloids. The unsaturated lipid domains are easier to bend and expected
to be found on the edges and the corners of the cubes where there is a high
curvature (figure 4.21).
Figure 4.21: Cubic colloid coated with lipids. The difference in curvature might
induce domain formation on specific sites.
The cubes we used are mesoporous, which means they contain pores
with a diameter between 2 and 50 nm. We found difficulties with coating
these cubes with a membrane. As can be seen in figure 4.22 the cubes are
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not coated homogeneously. We suspect the mesoporous surface to induce
these problems.
(a) Inhomogeneously coated sil-
ica cubes.
(b) Inhomogeneously coated sil-
ica cubes.
Figure 4.22: Inhomogeneously coated silica cubes. The membrane is composed
of DOPC/SM/chol = 37.5/37.5/25 % µmol.
If the mesoporosity is the problem, it might be solved by coating the
cubes with a polymer layer to flatten out any irregularities. We coated the
cubes with PEI - (PSS - PAH)2 and to test for homogeneous formation we
added a dye to the last polymer layer. In figure 4.23 the green dye attached
to the last polymer layer is clearly visible over the entire surface.
Figure 4.23: Cubes are coated with polymers PEI-PSS-PAH-PSS-PAH-Fitc. To see
if the coating is homogeneous, a dye is attached to the last layer of polymers
(PAH-Fitc).
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The coating seems to work so now we can coat these coated cubes with
a membrane. After coating the cubes with polymers the membrane forms
a homogeneous layer on the colloids (figure 4.24).
Figure 4.24: The with polymers coated cubes are coated with a lipid bilayer.
CaCl2 is added to the sample to induce mobility. The membrane is composed
of DOPC/CL/SM/chol = 27.5/10/37.5/25 % µmol.
Even after coating the cubes with polymers we found problems with
coating them with a membrane. Not only do the cubes cluster (figure 4.25),
but the lipids are not mobile as well. After adding CaCl2 we do see recov-
ery after bleaching but it takes about 1 minute to recover (figure 4.26).
There is no phase separation observed. The clustering might be solved
with steric stabilization. The low mobility seems to be due to the poly-
mers on which the membrane is spread.
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Figure 4.25: Clustering of the cubes after coating with polymers and a lipid bi-
layer. The membrane is composed of DOPC/CL/SM/chol = 27.5/10/37.5/25 %
µmol.
(a) Before (b) Directly after (c) 1 minute after
Figure 4.26: FRAP experiment on silica cubes coated with polymers and a mem-
brane. Images are shown before bleaching (a), directly after bleaching (b) and 1
minute after bleaching (c). The membrane is composed of DOPC/CL/SM/chol
= 27.5/10/37.5/25 % µmol. CaCl2 is added to the sample to induce mobility. The
lipids are mobile since we see recovery after 1 minute.
To understand what happens when coating these cubes with polymers
we also coated our spherical colloids with these polymers. Here we found
comparable recovery times of around 1 minute (figure 4.27).
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(a) Before (b) Directly after (c) 1 minute after
Figure 4.27: FRAP experiment on 7 µm silica colloids covered with a membrane.
Images are shown before bleaching (a), directly after bleaching (b) and 1 minute
after bleaching (c). Lipid composition is DOPC/CL/SM/chol = 36.5/1/37.5/25
% µmol. The lipids are mobile since we see recovery after photo bleaching.
Coating silica colloids with polymers increases the mobility when it
was very low or absent but decreases the mobility of the lipids when the
lipids were highly mobile on the surface without the coating.
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Conclusion
We have induced phase separation in GUVs by adjusting the ratio of dif-
ferent lipids in our lipid mixture. We have found the most stable GUVs at
a lipid mixture of saturated:unsaturated lipids is 1:1. We have shown that
the partitioning of the DNA-chol is affected by both the charge of lipids
and the degree of saturation. Both a negatively charged head group and
a highly unsaturated tail seem to reduce the amount of cholesterol in that
part of the membrane. Especially when these two characteristics are com-
bined. This has been shown with both CL and its replacements DOPG and
DLPC.
We have succeeded in coating silica colloids with a membrane. We have
observed mobility of the lipid bilayer as well as phase separation. Though
by the divergent results with respect to mobility and inhomogeneous coat-
ing we now know that it is a highly complicated system. We encountered
problems with the mobility and phase separation on the silica colloids at
higher concentrations of highly unsaturated and negatively charged lipids
in the lipid bilayer.
To examine these problems we did the following experiments:
- We added CaCl2 to screen the charge of the head group of cardiolipin.
This increased the mobility but is not usable with the DNA-chol.
- We coated the colloids with polymer layers to reduce the roughness of
the surface. This layers decreased the mobility of the lipids on the silica
spheres and no phase separation has been observed on these colloids. On
the cubes these polymers did increase the mobility. In both cases no phase
separation has been observed.
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Using different lipids in a more tunable system might solve some of these
problems.
48
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Outlook
With GUVs the optimal ratio of saturated and unsaturated and charged
and neutral lipids should be investigated in the system with a mixture
of DOPC/DLPC/DOPG/SM/chol. We have given some guidelines with
our experiments for this fine tuning. Once a stable system is achieved this
self-assembly system can be used to research different phenomena. The
amount of DLPC should be decreased and DOPG increased.
Phase separation on colloids still needs some fine tuning. First the pres-
ence of the ordered phase should be confirmed by adding a dye attached
to the saturated lipids.
We have found some indication that problems with coating the silica spheres
might be due to the highly unsaturated lipids and not the charged lipids.
A lipid mixture can be made with DLPC/SM/chol = 37.5/37.5/25 % µmol.
If the coating gives problems, the problems with mobility and homoge-
neous coating might be due to these highly unsaturated lipids. The ratio
of those highly unsaturated lipids can be reduced and the ratio of charged
lipids might be increased so that the partitioning of the DNA-chol is still
present.
The phase separation on silica colloids still needs some experiments to be
fully understood and controlled. Once a stable system is created, the self-
assembly can be studied of not only spherical particles but also of cubic
particles, triangular particles, and so on, creating the ultimate patchy par-
ticles. Even systems made of combinations of these shapes can be made.
For example the formation and configuration of 3D structures with spe-
cific bonding strengths can be studied.
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